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http://dxObjective: Diaphragm dysfunction is a complication of cardiac surgery with partial or absent spontaneous re-
covery in most cases. Surgical diaphragm plication represents the only option when symptoms persist. Because
training improves functional nerve recovery after a nerve lesion, we hypothesized that early diaphragm muscle
training may be beneficial.
Methods:Aprospective, randomized at 2:1 ratio, controlled trial of diaphragm training using an adjustable pres-
sure device (Threshold; Philips Respironics Inc, Murrysville, Pa) versus no training (sham device) was per-
formed in patients with diaphragm paralysis after major cardiac surgery. This 1-year study recruited
consecutive adult patients with sniff fluoroscopy–defined diaphragm paralysis after coronary bypass, valve re-
placement, or both. The outcome measures were diaphragm function recovery assessed by sniff fluoroscopy,
maximum inspiratory and expiratory pressures, and lung function tests.
Results:A total of 69 patients were randomized. At 12 months, 52 patients completed the study assessments, 36
in the treatment group and 16 in the control group. Inspiratory muscle training produced a significant improve-
ment of diaphragm mobility after 12 months (P<.001). Most patients in the training group (77.78%) experi-
enced a partial improvement (41.67%) or achieved a complete improvement (36.11%) versus no improvement
(87.5%) or partial recovery (12.5%) among controls.
Conclusions: Inspiratory muscle training may improve inspiratory muscle strength and increases paralyzed
diaphragm mobility. (J Thorac Cardiovasc Surg 2013;145:819-23)P
MDiaphragm dysfunction is a known but often underesti-
mated complication of cardiac surgery.1 The incidence de-
pends on the surgical procedure characteristics and the
techniques used for its detection.2 Diaphragm dysfunction
can prolong the need for ventilatory support and delay hos-
pital discharge. Moreover, symptoms may extend from
dyspnea on exertion to ventilatory failure, depending on
the cardiopulmonary reserve of the patient and the extent
of diaphragmatic involvement.3 Unilateral paralysis occurs
in the majority of cases and is considered a benign and tran-
sient complication, although it may represent a serious
problem for patients affected by chronic obstructive pulmo-
nary disease (COPD).4 However, complete recovery does
not always occur, and surgical intervention by diaphragm
plication may represent the only option when symptoms
persist after 1 year.5 Strategies to reduce postoperative pul-
monary complications after noncardiac surgery, such as in-
centive spirometry, showed controversial results.6,7e Department of Pneumology, University Hospital of Cattinara, Trieste, Italy.
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The Journal of Thoracic and CaNevertheless, it has been experimentally shown that
exercise training improves functional nerve recovery after
a nerve lesion.8 We hypothesize that diaphragm muscle
training using an adjustable resistance device (Threshold;
Philips Respironics Inc, Murrysville, Pa) may help recovery
of diaphragm paralysis after cardiac surgery, avoiding the
need for diaphragm plication.MATERIALS AND METHODS
Patients and Study Design
A prospective, randomized at 2:1 ratio, controlled trial was performed
from January 2008 to January 2009 in consecutive patients with diaphragm
paralysis after major cardiac surgery. Patients were recruited from the Uni-
versity Hospital of Trieste. Inclusion criteria were diaphragm paralysis on
chest x-ray after major cardiac surgery (eg, coronary bypass, valve replace-
ment, or both), age 18 to 80 years, and clinical stability, including no
change in medication after hospital discharge. Patients were stabilized on
treatment, and drugs were titrated during in-hospital stay. Only changes
to drugs, known not to affect study parameters, were permitted on
a case-by-case basis. Exclusion criteria were heart failure, COPD, and
known diseases causing diaphragm weakness or paralysis. A randomiza-
tion plan was generated by a statistician not involved in the study using
an online random permutation generator from http://www.randomization.
com. The randomization assignment was provided to the recruiting physi-
cians in sealed envelopes. The patients and the investigators devoted to the
study’s data analysis were blinded to the patients’ treatment assignments.
Assigned Interventions and Study Protocol
An inspiratory muscle training (IMT) program with a variable pressure
device (Threshold) was used. The IMT device includes a mouthpiece andrdiovascular Surgery c Volume 145, Number 3 819
Abbreviations and Acronyms
COPD ¼ chronic obstructive pulmonary
disease
FEF25%-75% ¼ forced expiratory flow at 25% to
75% of forced vital capacity
FEV1 ¼ forced expiratory volume in 1 second
IC ¼ inspiratory capacity
IMT ¼ inspiratory muscle training
MIP ¼ maximum inspiratory pressure
MRADL ¼ Manchester Respiratory Activities
of Daily Living Questionnaire
MRC ¼ Medical Research Council
RV ¼ residual volume
TLC ¼ total lung capacity
VC ¼ vital capacity
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Ma calibrated flow-independent 1-way valve. The valve controls a constant
inspiratory pressure training load, and the patient must generate the inspi-
ratory pressure for the inspiratory valve to open and allow inhalation of air.
The valve is calibrated and can be adjusted (2 cmH2O increments) accord-
ing to a percentage of the patient’s maximum inspiratory pressure (MIP). A
control group used nontraining physical activity bymeans of a sham thresh-
old as a comparator of the true Threshold. A sham threshold was obtained
by using the same device with the diaphragm removed, thus providing no
resistance. Patients were evaluated by clinical examination and chest x-ray
2 weeks after surgery; those who developed diaphragm paralysis were ran-
domly allocated, at a 2:1 ratio, to the IMTor the control nontraining group
with a sham comparator for 12 months. Interventions began within 4 weeks
from surgery. Chest x-ray (in and expiratory), pulmonary function tests, as-
sessment of dyspnea, diaphragm strength, and activities of daily living
questionnaire were performed before and after interventions. MIP was
measured at baseline and after 3, 6, and 12 months of treatment. The pro-
tocol was approved by the local ethics committee. All subjects signed an
informed consent form. All of the evaluations were performed by investi-
gators who were unaware of the assignment of patients to different groups.
The study was registered as NCT00597298 at www.clinicaltrial.gov.
Assessment of Diaphragm Motility
Diaphragmatic motility was assessed by chest fluoroscopy with inspira-
tory and expiratory scans performed in the upright position.9 Patients were
asked to ‘‘sniff’’ or quickly breathe in through their nose to detect whether
both the right and left sides of their diaphragmmove in the correct direction
at the same time. Scans obtained after surgery were compared with base-
line, and diaphragm paralysis was diagnosed with a newly observed eleva-
tion in both inspiratory and expiratory scans. The fluoroscopic ‘‘sniff’’ test
was performed in every case. Fluoroscopy during spontaneous ventilation
can demonstrate immobility or a paradoxical movement of the diaphragm,
and both aspects were accepted as inclusion criteria. The interpreter of
chest x-rays was a third-party radiologist not involved in the study. At study
conclusion, the same radiologic assessment was performed as for study en-
try. Motility recovery could be complete, partial (50% increase in motil-
ity), or null (no change).
Pulmonary Function and Respiratory Muscle
Strength
Pulmonary function values were measured by spirometry and plethys-
mography (SensorMedics 6200, Autobox DL; SensorMedics Corp, Yorba
Linda, Calif). The analyzed parameters were vital capacity (VC), forced820 The Journal of Thoracic and Cardiovascular Surgexpiratory volume in 1 second (FEV1), FEV1/VC ratio, forced expiratory
flow at 25% to 75% of forced VC (FEF25%-75%), inspiratory capacity
(IC), total lung capacity (TLC), and residual volume (RV). Inspiratory
muscle strength was assessed bymeasuring theMIP at RV. Expiratory mus-
cle strength was measured as maximal expiratory pressure at TLC. The
value obtained from the best of at least 3 efforts was used. All of the mea-
surements were obtained in upright position.
Inspiratory Muscle Training Protocol
Patients were instructed to perform daily training with IMT with the
Threshold inspiratory muscle device according to the following schedule:
5’ inspiratory load set at 30% of MIP followed by 2’ deep slow breathing,
5’ inspiratory load set at 70% of MIP followed by 2’ deep slow breathing,
5’ inspiratory load set at 15% of MIP followed by 2’ deep slow breathing,
and 5’ inspiratory load set at 80% ofMIP followed by 2’ deep slow breathing.
Compliance with the training program was checked monthly by a third-party
respiratory therapist not involved in the study. Inspiratory load varied between
the 4 phases of each cycle, according to the percentage of MIP, and after MIP
was reassessed, at months 3 and 6, the device was recalibrated. The control
group followed the same schedule with a sham nontraining device.
Evaluation of Dyspnea and Activities of Daily Living
Patients were assessed for dyspnea grade at baseline and after 6 and 12
months by theMedical Research Council (MRC) dyspnea score.10 The Ital-
ian translation of the Manchester Respiratory Activities of Daily Living
Questionnaire (MRADL)11,12 was used at baseline and after 6 and 12
months to evaluate the social, familiar, and occupational outcomes of the
rehabilitation trial. The questionnaires were administered by the
respiratory therapist in paper format, and patients ticked the score or
response after reading its description. Changes from baseline of MRC
and MRADL were compared between groups.
End Points and Statistical Analysis
The primary end point to determine the efficacy of treatments was dia-
phragm motility assessed by chest x-ray; the secondary end point was MIP
variation. Data were presented as mean  standard deviation. Normality
was assessed by the Kolmogorov–Smirnov test. Data were analyzed by
the paired t test when comparing the same group at baseline and at the
end of treatment period; for MIP, 1-way analysis of variance was used.
Multiple comparisons adjustment was conducted by the Bonferroni test.
Comparisons between groups were performed using the unpaired t test.
Categoric data were analyzed by the chi-square test. Statistical analysis
was performed using StatView (v 5.0.1., SAS Institute Inc, Cary, NC).
RESULTS
Patients
Between January 2008 and January 2009, 605 patients un-
derwent operation for coronary bypass, valve replacement, or
both in the cardiac surgery unit; postoperative diaphragm
dysfunction developed in 110 of these patients. In particular,
88 patients underwent coronary bypass, 9 patients underwent
valve replacement, and 13 patients underwent both proce-
dures. Twenty patients met exclusion criteria, and 21 patients
refused to participate. Sixty-nine patients were randomized.
Among patients randomized to IMT, 10 of them did not con-
clude the study: Six patients were unable to complete the
training protocol, and the others had overcoming diseases
(cancer, cerebral hemorrhage, and pericarditis). In the control
group, 7 patients did not complete the study: Three patients
were unable to complete the protocol, and the others droppedery c March 2013
FIGURE 1. CONSORT flow chart of the study. IMT, Inspiratory muscle training.
TABLE 1. Patient characteristics at baseline
IMT group
n ¼ 36
Control group
n ¼ 16 P value
Gender, F/M 6/30 5/11 .235
Age, y 66.9  9.2 68.6  9.0 .558
MIP, cmH2O 68.0  24.9 58.7  27.3 .233
MEP, cmH2O 137.5  44.7 109.6  62.1 .197
VC,% 70.8  16.5 67.4  11.2 .462
FEV1,% 66.7  13.7 65.5  11.9 .812
FEV1/VC,% 73.3  7.3 77.5  6.2 .110
FEF25%-75%,% 43.3  16.6 47.6  17.6 .512
IC, l 2.2  1.4 1.6  0.7 .313
TLC,% 68.1  12.9 63.8  9.6 .460
RV,% 68.6  22.0 60.2  11.7 .381
Data are presented as mean  standard deviation. IMT, Inspiratory muscle training;
F, female;M,male;MIP,maximal inspiratorypressure;MEP,maximal expiratorypres-
sure; VC, vital capacity; FEV1, forced expiratory volume in 1 second; FEF25%-75%,
forced expiratory flow at 25%-75% of forced VC; IC, inspiratory capacity; TLC, total
lung capacity; RV, residual volume.
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Mout (adverse effects of drugs, car accident, residence varia-
tion). The 52 participants (36 IMT group, 16 controls) who
concluded the trial were adherent to the protocol according
to the judgment of an independent respiratory therapist.
Figure 1 shows the flow diagram of the study. Patient charac-
teristics at baseline are shown in Table 1.
Preoperative pulmonary function testing was not thor-
oughly available, and, when present, it was performed by
different centers. However, patients did not report symp-
toms suggestive of diaphragm dysfunction (exertional dysp-
nea, dyspnea in supine position) before surgery or show
diaphragm abnormalities on preoperative chest x-ray.
All procedures were performed by median sternotomy on
cardiopulmonary bypass with cardioplegic arrest, with top-
ical cold and ice slush and without the use of a phrenic pro-
tection pad. Out of 605 patients, 335 underwent dissection
of the internal thoracic artery (120 patients left thoracic ar-
tery, 10 right thoracic artery, and 205 both thoracic arteries).
Dissection was performed with cautery and was single in
38.8% of patients and bilateral in 61.2% of patients.
Diaphragm Motility
Three patient scans in the IMT group were not evaluated
because of movement artefacts or indeterminate results.
The majority of patients (28, 77.78%) in the active treat-
ment group experienced partial improvement (41.67%) or
complete improvement (36.11%). Most controls showed
no improvement at 12 months (87.5%); only 2 patients
showed partial improvement.
Respiratory Muscle Strength
As shown in Table 2, MIP significantly improved from
baseline in the active treated group (P<.001), but it failed
in the controls (P ¼ .120).The Journal of Thoracic and CaAfter 12 months, maximal expiratory pressure did not in-
crease significantly in both groups (IMT group: 137.5 
44.7 cmH2O vs 145.1  47.3 cmH2O, P ¼ .065; control
group: 109.6  62.1 cmH2O vs 134.3  56.4 cmH2O,
P ¼ .672).
Pulmonary Function
VC increased in both groups from baseline to 1 year
(IMT group 70.8%  16.5% vs 86.0%  17.1%,
P< .001; control group 67.4%  11.2% vs 81.9% 
15.0%, P ¼ .001). FEV1 improved from baseline in both
groups, although not significantly in the control group
(IMT group at baseline 66.7%  13.7% vs 78.7% 
16.5% at final assessment, P<.001; control group at base-
line 65.5%  11.9% vs 73.6%  13.0% at finalrdiovascular Surgery c Volume 145, Number 3 821
TABLE 2. Maximum inspiratory pressure comparison between the 2
groups during the study
Maximal inspiratory pressure, cmH2O
IMT group Control group P
Baseline 68.0  24.9 58.7  27.3 .233
3 mo 84.3  27.7 64.4  30.3 .025
6 mo 94.4  35.5 66.8  26.1 .008
12 mo 102.7  25.3 80.3  31.4 .019
Control group had no IMT. Data are presented as mean  standard deviation.
IMT, Inspiratory muscle training.
Perioperative Management Kodric et al
P
Massessment, P¼ .053). FEV1/VC decreased in both groups,
but less in the IMT group (IMT group baseline 73.3% 
7.3% vs final 71.7%  8.6%, P ¼ .24; control group at
baseline 77.5%  6.2% vs final 72.0%  6.0%,
P ¼ .054). FEF25%-75% increased after IMT (from 43.3%
 16.6% to 49.1% 25.8%, P¼ .023), but decreased after
sham training (from 47.6%  17.6% to 44.0%  21.1%,
P ¼ .425). TLC improved in the active treatment group
from baseline to 12 months (68.1%  12.9% vs 76.4%
 14.2%, P < .001) but did not change in controls
(63.8%  9.6% vs 69.0%  14.3%, P ¼ .770). IC in-
creased in the control group (baseline 1.6  0.71 vs final
1.9  0.61, P ¼ .024) but not in the IMT group (2.2 
1.41 vs 2.2 0.71, P¼ .562). RV showed a small but insig-
nificant increase in both groups after 12 months (IMT group
68% 22% vs 71% 16%,P¼ .163 ; control group 60%
 11% vs 61%  19%, P ¼ .329). At the final evaluation,
there were no significant differences in pulmonary function
parameters between the groups: VC (P ¼ .414), FEV1
(P ¼ .356), FEV1/VC (P ¼ .899), FEF25%-75%
(P ¼ .548), TLC (P ¼ .170), IC (P ¼ .172), and RV
(P ¼ .144).Dyspnea Score and Activities of Daily Living
The MRC dyspnea score significantly improved after 6
and 12 months in the IMT group compared with the control
group (IMT group2  0.6 from baseline at 6 months, and
1.9 0.5 at 12 months vs controls0.3 0.2 at 6 months,
and0.4  0.3 at 12 months, respectively, P ¼ .00001 and
P ¼ .0001). The activities of daily living assessed by
MRADL questionnaire improved with IMT versus controls
(changes from baseline at 6 months:þ7  4 IMT group vs
þ4  2 controls; changes from baseline at 12 months: 8 
3 IMT group vs 5  3 controls; respectively, P ¼ .007
and P ¼ .002).DISCUSSION
Our study shows that IMTwith the Threshold device in-
creases diaphragm mobility and improves inspiratory mus-
cle strength in patients with diaphragm dysfunction after
cardiac surgery. Our training program also produced im-
provement of MRC dyspnea score in comparison with822 The Journal of Thoracic and Cardiovascular Surgcontrols. To our knowledge, this is the first randomized con-
trolled trial on the use of the Threshold device to recover di-
aphragm dysfunction after cardiac surgery. Mehta and
colleagues13 reported a 25% to 64% recovery rate of dia-
phragm paralysis after a multimodality treatment, including
preoperative physiotherapy. The use of IMT before coro-
nary artery bypass grafting showed a significant decrease
of postsurgical pulmonary complications in high-risk pa-
tients,14 but no study included the avoidance of diaphragm
paralysis as a specifically addressed outcome of the prophy-
lactic IMT. A retrospective uncontrolled study15 of late re-
sistive IMT reported an improvement of greater than 400
mL of FVC in more than 50% patients with unilateral or bi-
lateral diaphragm paralysis. The time course of recovery of
the phrenic nerve may depend on the type of injury and the
timing and distance over which regeneration occurs. The
importance of recovering diaphragm’s mobility and
strength is based not only on avoiding surgery for alleviat-
ing symptoms but also on improving the patient’s long-term
prognosis. Respiratory muscle weakness is an independent
predictor of all-cause mortality, and MIP has been associ-
ated with incident cardiovascular events, including myocar-
dial infarction, cardiovascular death, and possibly stroke.16
These associations were independent of other measures of
pulmonary function, such as FVC. In the normal condition,
the diaphragm contraction contributes to 30% to 60% of
the total minute ventilation, but a ventilator failure may oc-
cur in the presence of severe diaphragm dysfunction.15With
unilateral diaphragmatic paralysis, VC and maximum vol-
untary ventilation decrease from 20% to 30%, with 20%
reduction in oxygen uptake on the affected side. Neverthe-
less, it is usually well tolerated because of compensatory
mechanisms, such as an increase in motor output to the in-
tercostal muscles and the normal hemidiaphragm.17 A sig-
nificant improvement in pulmonary function test results
was not observed, except TLC and FEF25%-75% with IMT.
Under conditions of increased demand, a unilateral dia-
phragm dysfunction may cause respiratory symptoms and
impairment of daily activities.17We demonstrated that early
IMT may improve symptoms and activities of daily living.
We excluded those patients who might experience greater
benefit to achieve clearer results. Patients with COPD
were excluded because diaphragm and other respiratory
muscles may undergo adaptations to chronic hyperinflation
and disease,18 thus possibly altering the overall effect of
IMT. In addition, patients with heart failure were excluded
because their maladaptive respiratory pattern19 may have
affected the perception of dyspnea. Diaphragmatic dysfunc-
tion after cardiac surgery also may occur without a clear
reason.20 Surgical repair has been proposed in patients
who do not show resolution of the diaphragm paralysis
and have disabling respiratory compromise.21,22 Surgical
plication places the paralyzed diaphragm in a position of
maximum inspiration with underlying lung parenchymaery c March 2013
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Mexpansion. However, there is still controversy about
candidate selections and timing of surgery. On the basis
of our study, we estimate that the need for surgical
diaphragm plication could be decreased to no more than
5% of the total cases.
Study Limitations
We are aware that despite the great efforts to ensure study
blindness, the use of sham devices is a major concern in
blinded, randomized, controlled studies, both for methodo-
logical and ethical issues.23
Protocol compliance is a major issue in clinical trials and
was not directly addressed in our study, although adherence
to the program was checked monthly. However, Weiner and
colleagues24 found relatively good compliance to the IMT
program in patients with severe COPD.
The major limitation of our trial is the number of patients
who were excluded from the analysis because of the inabil-
ity to perform the training program. We could assume, as
suggested by Guyatt and colleagues,25 that all patients
lost from the treatment group did poorly and that all patients
who were lost from the control group did well to verify the
robustness of the results. Nevertheless, this situation is un-
likely, given that there is no report in the literature showing
a 100% rate of complete spontaneous recovery of dia-
phragm palsy after cardiac surgery,20 nor a 100% treatment
failure after a rehabilitation/training program.
CONCLUSIONS
An early course of IMT with the Threshold device after
cardiac surgery may promote and hasten diaphragm motility
improvement, and reduce the need for surgery after 1 year. A
confirmatory larger randomized controlled trial is needed.
The authors thank Mario Colomban, RT, for the enthusiastic
support of this study and Dr Aniello Pappalardo for providing de-
tailed data on cardiac surgery activity.
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